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ABSTRACT 
 
Succinic acid is a compound used for manufacturing lacquers, resins, and other coating 
chemicals. It is also used in the food and beverage industry as a flavor additive. It is 
predominantly manufactured from petrochemicals, but it can also be produced more sustainably 
by fermentation of sugars from renewable feedstocks (biomass). Bio-based succinic acid has 
excellent potential for becoming a platform chemical (building block) for commodity and high-
value chemicals.  
In this study, we focused on the production of bio-based succinic acid from the fiber of 
sweet sorghum (SS), which has a high fermentable sugar content and can be cultivated in a 
variety of climates and locations around the world. To avoid competition with food feedstocks, 
we targeted the non-edible ‘bagasse’, which is the fiber part after extracting the juice. Initially, 
we studied various conditions of pretreating SS bagasse to remove most of the non-fermentable 
portions and expose the cellulose fibers containing the fermentable sugars (glucose). 
Concentrated (83%) phosphoric acid was utilized at mild temperatures of 50-80 °C for 30-60 
minutes at various bagasse loadings (10-15%) using a partial factorial experimental design.  
After pretreatment, the biomass was subjected to enzymatic hydrolysis with commercial 
cellulase enzyme (Cellic® Ctec2) to identify the pretreatment conditions that lead to the highest 
glucose yield that is critical for the production of succinic acid via fermentation with the 
bacterium Actinobacillus succinogenes.  
As the pretreatment temperature and duration increased, the bagasse color changed from 
light brown to dark brown-black, indicating decomposition, which ranged from 15% to 72%.  
 vii 
The pretreatment results were fitted with an empirical model that identified 50 °C for 43 min at 
13% solids loading as optimal pretreatment conditions that lead to the highest glucose release 
from sweet sorghum bagasse. Biomass pretreated at those conditions and subjected to separate 
enzymatic hydrolysis and fermentation with A. succinogenes yielded almost 18 g/L succinic acid, 
which represented 90% of the theoretical yield, a very promising performance that warranties 
further investigation of bio-based succinic acid production from sweet sorghum bagasse, as a 
more sustainable alternative to succinic acid produced from fossil sources, such as oil. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Succinic Acid, Applications and Current Production 
Succinic acid (HOOC-CH2-CH2-COOH) is a saturated four-carbon (C4) dicarboxylic 
acid, which belongs to the aliphatic family. Annual production worldwide is approximate 16,000 
tons [1]. The price range is about $6-9 per kilogram depending on purity. It is used for 
manufacturing lacquers, resins, and various coating chemicals. It is also used in the food and 
beverage industry as a flavor additive, as it is not considered harmful to humans and does not 
accumulate inside the body. Hence, the derivatives of succinic acid are viewed to have a 
potential of 100,000 tons annually [2].  
Currently, the primary method for producing succinic acid is from petroleum (oil). It is 
manufactured by a chemical synthesis process using oxidation-hydration of the 4-C distillation 
fraction of crude oil. This reaction is carried out under high pressure and temperature conditions, 
which are not environmental friendly and cause serious pollution problems, creating interest in 
new ways for succinate manufacture [2]. Recently, small amounts of succinic acid are made 
carbohydrates via fermentation [1]. 
1.2 Renewable Feedstocks for Bio-based Succinic Acid 
Renewable feedstocks for succinic acid (hence termed bio-based succinic acid) include 
cassava bagasse [3], sugarcane bagasse [4], agave [5], cheese whey [6], and sake lees [7]. Using 
various pretreatment, hydrolysis, and fermentation microorganisms the yield of succinic acid 
varied from 0.4 to 0.8 g per g of biomass on a dry basis. The studied biomass species came from 
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various growing regions and climates with different sugar content. Sweet sorghum has a high 
sugar content and can adapt to multiple weather conditions [8]. 
1.3 Structure of Lignocellulosic Biomass 
 
Figure 1-1. Main components of lignocellulosic biomass macrofibrils 
Lignocellulosic biomass is also known as plant biomass. On a dry basis it contains 
mainly three polymers: cellulose, hemicellulose, and lignin (Fig. 1-1). It also contains small 
amounts of other components, such as ash (minerals). Different types of lignocellulosic biomass 
have varied content of the cellulose and hemicellulose polymers. However, cellulose is usually 
the primary component in macrofibrils of plant fiber. The cellulose chain consists of a repeating 
disaccharide unit called cellobiose, which is a dimer of glucose. The second major component of 
the macrofibril is hemicellulose. It has a random and amorphous structure, which consists of 
xylan, galactomannan, arabinoxylan, glucomannan, and glucuronoxylan. Finally, lignin is not a 
carbohydrate polymer that comprises of phenylpropanoid units. It helps to increase the 
compressive strength of the plant tissue and the fibers [9]. 
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1.4 Sweet Sorghum (SS) as a Renewable Feedstock  
Sweet sorghum is known for its high sugar content among plant biomass species and is 
cultivated as an alternative or as a supplement to sugarcane and corn due to its ability to adapt to 
various climates. Sweet sorghum has better capability to remain dormant during dry seasons, 
hence it is considered a promising energy feedstock for producing biofuels, like ethanol [10]. 
Four parts of sweet sorghum that can be used for biofuel are the starch (grain), juice 
(stem), bagasse (stem), and leaves. The juice extract from the stem can be directly used for bio-
ethanol production and it is also considered as an ideal substrate for hydrogen production 
(gaseous biofuels) [8]. One of our goals is to make biofuel and bioproduct manufacturing 
sustainable by avoiding competition with food. Therefore, we will concentrate on the most 
appropriate part of sweet sorghum, which is its fiber (bagasse). These fibers can be used for non-
food applications, such as production of succinic acid and ethanol. It is currently employed as 
animal feed and as soil fertilizer and also for energy production by combustion. The bagasse is 
capable of yielding ethanol though proper mechanical or chemical processing. Unlike juice and 
starch that contain easily accessible sugars, chemical pretreatment is mandatory for sweet 
sorghum bagasse to disrupt the lignocellulose structure in the macrofibril of biomass and render 
it be more accessible to enzymatic hydrolysis and then to fermentation [8, 11]. 
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CHAPTER 2: MECHANICAL PREPARATION AND CHEMICAL PROCESSING 
(PRETREATMENT) OF BIOMASS 
 
2.1 Mechanical Preparation 
Mechanical preparation is necessary to condition the biomass for subsequent treatment.  
It includes biomass chipping, grinding, and milling that can make biomass more accessible to 
subsequent enzymatic hydrolysis. The size of biomass after milling is usually between 0.2 and 2 
mm [12]. Although milling adds to the cost of biomass conversion, such mechanical preparation 
facilitates subsequent breakdown of cellulose and release of glucose, which has a significant 
impact on the fermentation process for succinic acid production [13]. 
2.1.1 Drying and Milling 
Two kinds of moisture content are of concern for biomass. The first is intrinsic moisture, 
which is the moisture content of the biomass structure that is not affected by the weather. The 
second is extrinsic moisture, which is weather-impacted during the harvesting period and affects 
biomass water content. External humidity can lead to biomass contamination by soil, which 
contains minerals (ash) that can negatively affect processing and pretreatment. Intrinsic moisture, 
on the other hand, can be altered easily under lab conditions [13]. We focused on inherent 
humidity as a variable since this study was conducted under controlled lab conditions. 
To minimize intrinsic moisture, sweet sorghum bagasse can be tried after juice extraction 
at 65-80°C until the moisture content no longer changes and then milled to 0.25 and 0.5mm 
using a commercially available blender [14,15].  
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2.2 Chemical Processing 
Chemical processing (pretreatment) of biomass can be done via exposure steam, acid or 
alkali. The primary goal of the pretreatment process is to hydrolyze (remove) hemicellulose thus 
decreasing the crystallinity (complexity) of cellulose and increase the porosity of the 
lignocellulosic biomass. During pretreatment, it is crucial to maximize the formation of sugars, 
minimize their decomposition, prevent the formation of inhibitors, and achieve cost-effectiveness 
[12]. 
2.2.1 Hydrothermal Pretreatment (Steam Explosion) 
Steam explosion is the most popular pretreatment method used for lignocellulosic 
biomass due to relatively low cost and low use of chemicals. In this method, biomass is exposed 
to high-pressure saturated steam and then the pressure is released abruptly to cause biomass to 
decompress (“explode”) disrupting its structure. Hemicellulose is hydrolyzed by vapor [16, 18], 
but depending on the temperature it may also be degraded, as shown in Table 2-1. This structural 
modification to biomass is intended to increase the effectiveness of enzymatic hydrolysis on 
cellulose [12].  
Table 2-1. Hydrothermal pretreatment comparison 
Reference Number [17] [15] 
Pretreatment method 
Hydrothermal pretreatment 
for sweet sorghum bagasse 
Hydrothermal pretreatment 
 for sweet sorghum bagasse 
Temperature (°C) 210 80 
Residence time (minutes) 20 60 
Solid loading (%) 15 
10%(w/v) liquor 
0.3%(v/v) acetic acid 
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Table 2-1. (Continued) 
 
2.2.2 Acid Pretreatment 
Acid pretreatment includes dilute or concentrated acids. Dilute acid pretreatment, which 
has been studied extensively, dissolves hemicellulose and allows recovery of the hemicellulose-
derived sugars (primarily xylose) that can be fermented to chemicals of interest, such as succinic 
acid. While hemicellulose removal enhances the macrofibril porosity to cellulolytic enzymes 
(cellulases), dilute acid pretreatment leaves cellulose chemically unaffected as a polymer in the 
residual solids, although it increases its porosity. On the other hand, concentrated acids, like 
hydrochloric (HCl), sulfuric (H2SO4), and phosphoric (H3PO4), may also depolymerize some of 
the cellulose [12]. In general, among these acids, phosphoric acid is nontoxic and ecofriendly, as 
residual phosphates can be recovered and reused as a fertilizer in the biomass fields. Because 
phosphoric is a weak acid, the cellulose can be dissolved without creating inhibitors that may 
negatively affect the enzymatic hydrolysis and fermentation processes. It should be noted that 
residual phosphoric acid can also serve as phosphate nutrient for the microorganism used in the 
subsequent fermentation. Concentrated acid pretreatment can be operated under much milder 
conditions (green chemistry principle) compared to diluted acid pretreatment, as seen in Table 2-
2 [19]. Warmer conditions will also reduce the cost of materials used in the construction of 
equipment used in the process and hence reduce the cost of succinic acid production. 
  
Glucose removal (%) 11 33.2 
Xylose removal (%) 83 ~100 
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Table 2-2. Acid pretreatment comparison 
Reference [20] [21] 
Pretreatment method Dilute Acid (H2SO4)  
on sweet sorghum bagasse 
Concentrated acid (H3PO4)  
on berry wood  
Temperature (°C) 210 60 
Residence time (min) 10 45 
Concentration (%) 33 85 
Solids loading (v/v %) 16 (w/v %) 12.5 
Glucose removal (%) 26.4 16 
Xylose removal (%) 97.4 94.8 
(includes galactan, mannan, 
and arabinan) 
Reference [19] [22] 
Pretreatment method Concentrated acid (H3PO4) with 
acetone on sweet sorghum bagasse 
Concentrated acid (H3PO4)  
on Achyranthes aspera 
Temperature (°C) 50 60 
Residence time (min) 30 60 
Concentration (%) 85 80 
Solids loading (v/v %) 12.5 12.5 
Glucose removal (%) 42.5 5.2 
Xylose removal (%) 86 ~100 
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2.2.3 Alkali Pretreatment 
Alkali pretreatment, mostly with sodium hydroxide (NaOH), is utilized to break down 
lignin in the biomass macrofibrils (deligninfication) to create pores and allow penetration of 
biomass by the cellulase enzyme during enzymatic hydrolysis [23]. Alkali pretreatments 
compared to other chemical pretreatments can be operated under lower temperature and pressure, 
which cause less sugar degradation. However, the residence time is usually longer than acid 
pretreatment [12], as seen in Table 2-3, which raises the cost of pretreatment.  
Table 2-3. Alkali pretreatment comparison 
Reference  [19] [24] 
Pretreatment method NaOH NaOH  
with ultrasonication 
NaOH 
Temperature (°C) 0 0 70 
Residence time (min) 180 180 240 
Concentration (w/v %) 12 12 10 
Solids loading (%) 5 5 6.6 
Glucose removal (%) 41 39 65 
Xylose removal (%) 87 87 82 
Reference [23] [25] 
Pretreatment method NaOH with H2O2 NaOH 
Temperature (°C) 121 25 
Residence time (min) 60 120 
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Table 2-3. (Continued) 
Concentration 2% (w/v) NaOH,  
5% (w/v) H2O2 
2.5M 
Solids loading (%) 10 10 
Glucose removal (%) 18 5 
Xylose removal (%) 90.5 75 
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CHAPTER 3: ENZYMATIC HYDROLYSIS OF BIOMASS TO FERMENTABLE 
SUGARS 
 
3.1 Cellulase Enzymes and Mode of Action 
Commercial cellulolytic enzyme components, such as cellulase GC220 [24], β-
glucosidase [19], and Cellic® Ctec2 [18], have been extensively studied and resulted in over 90% 
yield during enzymatic hydrolysis. Studies show that mixing enzyme components may result in 
better hydrolysis efficiency [26]. 
The underlying mechanism of enzymatic hydrolysis, a heterogeneous catalytic process, 
consists of 4 steps: (1) The enzyme diffuses through the aqueous phase to the surface of biomass 
particles; (2) The enzyme physically attaches to cellulose and forms enzyme-substrate complexes 
(ES); (3) The enzyme releases sugar dimers (cellobiose) and monomers (glucose) from the 
cellulose contained in the biomass particles; and (4) Cellobiose is broken down to glucose to 
complete the hydrolysis. 
It has been reported that the structural features of biomass, namely cellulosic particle 
surface area and cellulose crystallinity, are critical to the cellulose hydrolysis rate and yield [26]. 
These features can be improved by chemical pretreatment, as mentioned in Chapter 2. 
3.2 Cellulase Activity 
The International Union of Pure and Applied Chemistry (IUPAC) has approved a 
procedure for universally measuring and reporting cellulase activity expressed in terms of filter 
paper units (FPU). FPU is defined as the number of micromoles of glucose released from filter 
paper (used as substrate) after its hydrolysis at 50°C with pH 4.8 buffer by 1 milliliter of original 
11 
enzyme solution carried out in one minute, as described by the equation below. These 
quantitative measurements allow enzyme activity of various cellulase preparations to be 
compared to each other [28]. 
Filter Paper Unit = µmol glucose releaseminute×mL enzyme  
3.3 Cellulase Enzyme 
The commercial cellulase preparation Cellic® Ctec2 was provided by Novozymes.  It is a 
cellulase complex that contains the components cellulase, β-glucosidase, and hemicellulose and 
exhibits high conversion yield at high solids loading with various biomass feedstocks. The 
reported pH range is 5.0-5.5 and the optimal temperature 45-50°C for the most top enzyme 
performance (% conversion of cellulose) [27].  
The Ctec2 enzyme’s activity was measured in our lab and determined to be 118 Filter 
Paper Units per mL of enzyme batch. It has been reported that enzymatic hydrolysis of hardwood 
(pretreated hydrothermally) with this enzyme preparation reached yields of up to 70% [29]. 
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CHAPTER 4: FERMENTATION OF SUGARS TO SUCCINIC ACID 
 
4.1 Bacteria Fermentation 
In microbial sugar metabolism succinic acid (succinate) is an essential intermediate and 
also an end product for some anaerobic fermentations. Hence, we used bacterial fermentation as 
a means for producing bio-based succinic acid from sugars to replace petrochemical processes 
from oil. An advantage of the biological process compared to the petrochemical one is that 
microorganisms usually can use renewable feedstocks and produce no toxic by-products [30]. 
4.1.1 Actinobacillus succinogenes 130Z Fermentation 
Actinobacillus succinogenes 130Z is one of the promising microorganisms that can 
produce succinic acid as a critical metabolic product and is isolated from bovine rumen. pH is a 
crucial factor that affects bacteria cell growth. The optimal pH range for the 130Z strain is 
reported to be 6.0-7.4 [6]. At 37°C over 38- 48 hours of residence time, the succinic acid yield 
can reach up to 0.57 grams per gram of glucose (Table 4-1). The theoretical yield of succinic 
acid from A. succinogenes 130Z is 0.6 grams per gram of glucose consumed.  
The glucose metabolism path is summarized in Figure 4.1. The 6-carbon glucose 
molecule is broken down into two 3-carbon metabolites, glyceraldehyde, and DHAP. The former 
can then follow two competing paths: (1) through pyruvate it can result in the formation of 
formic acid (1-carbon), acetic acid (2-carbon) or ethanol (2-carbon); and (2) through the 
incorporation of an additional carbon atom from CO2 (which will have to be provided during 
fermentation), it can be converted to the 4-carbon molecule oxaloacetate that eventually yields 
succinic acid, which also contains 4 carbon atoms. Hence, by providing CO2 to the fermentation 
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process there is an opportunity to push the metabolism of A. succinogenes towards succinate 
production as the primary metabolic end product [32]. In the absence of CO2 the metabolism 
shifts towards acetate, ethanol and formate production [6]. Studies have also shown that, in 
addition to glucose, xylose can also serve as a carbon source for A. Succinogenes with a yield of 
0.74 grams of succinic acid per gram of xylose consumed [33]. 
 
Figure 4-1. Actinobacillus succinogenes 130Z glucose metabolism path 
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Table 4-1. Fermentation conditions and yield during the production of succinic acid from 
biomass sources 
 
Reference  [6] [34] 
Biomass Cheese whey Sake lees 
(leftovers from sake production) 
Temperature 
(°C) 
38 37 
Duration 
(hour) 
48 38 
pH 6.8 6.8 
CO2 supply 0.5 liters per liter of fermentation 
per minute (vvm) 
0.5 L/min 
Succinic acid 
yield  
0.57 g per g biomass 48 g/L 
 
4.2 Yeast Fermentation 
In addition to bacteria, yeast can also produce succinic acid. An advantage of yeast 
fermentation is that it could be carried out at lower than neutral pH, which reduces the risk of 
contamination and facilitates the separation and purification of succinic acid from other 
metabolic products. Saccharomyces cerevisiae is a popular choice, as it is one of the best-
characterized yeasts with a wide range of industrial biotechnology products including foods, 
beverages, and bioethanol. Unfortunately, succinic acid is not naturally produced in significant 
yields by S. cerevisiae, but by metabolically engineering it with genes from bacteria, like P. 
kudriavzevii, succinic acid production can be significantly increased [35, 36]. 
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CHAPTER 5: EXPERIMENTAL WORK 
 
5.1 Experimental Setup and Equipment 
5.1.1 SSB Mechanical Preparation and Chemical Pretreatment 
To prepare a single batch of sweet sorghum bagasse for all the needs of the present work 
(to ensure biomass consistency), bagasse was spread on a plastic sheet and dried at room 
temperature with the use of a household fan until the moisture content no longer changed. Figure 
5-1a shows the sweet sorghum bagasse drying process. A household blender (Figure 5-1 b) was 
then used to reduce the bagasse into small particles that passed through a steel mesh 10 (2 mm), 
as shown in Figure 5-1c. For the chemical pretreatment with phosphoric acid, we selected 50-mL 
glass centrifuge tubes with a round bottom to serve as pretreatment reactors (Figure 5-1d). These 
tubes were able to handle concentrated acid and conduct heat from the water bath to the bagasse 
particles. A shaker water bath, capable of operating in the range 5-99 °C, was used as a 
continuous heat source and mixer during acid pretreatment. 
To separate the pretreated solids from the liquid phosphoric acid after pretreatment, we 
employed a 50-mL glass flask equipped with a glass filter of 40-60 µm pore size (Figure 5-1e). 
The flask was fitted with a rubber funnel adapter for the glass filter, and its neck was secured 
with a ring stand. The vacuum was applied to accelerate the filtration. Finally, an oven set at 
60°C was used to dry the wet solids (in the glass filter) after the filtration.  
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(a) (b) 
(c) (d) (e) 
Figure 5-1. (a) Sweet sorghum bagasse was dried at room temperature with a household fan until 
the moisture content was constant. (b) Milling process of dried sweet sorghum bagasse. (c) 
milled sweet sorghum bagasse with 2 mm particle size. (d) 50-mL glass flask used as chemical 
pretreatment reactor. (e) Pretreated sweet sorghum bagasse was washed and placed in a glass 
filter for separating solids from the liquid phase. 
 
5.1.2 Enzymatic Hydrolysis, Microorganism Cultivation and Fermentation 
The enzymatic hydrolysis was first tested at a small scale using 2-mL Eppendorf tubes. A 
shaker water bath was set up at 50°C and 50 rpm. For large-scale hydrolysis, pretreated sweet 
sorghum bagasse was placed in 500-mL flasks and secured by a flask holder. 
For microorganism cultivation, 10-mL and 200-mL flasks were used for growing the 
bacteria in small and more massive scale. Each flask was closed with a stopper to create an 
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anaerobic environment that favors the formation of succinic acid, as explained earlier. The flasks 
were all placed in a shaker (New Brunswick Scientific Excella E24) at 37°C and 200 rpm. 
Fermentation medium was prepared and poured in serum bottles with caps. All media 
were autoclaved in a Yamato Sterilizer SM510. For the first test run, 2-mL Eppendorf tubes 
served as small-scale fermentors that were placed in the shaker. In the second test run, 250-mL 
serum bottles were operated as fermentors with two-hole rubber plugs on top to accommodate 
and secure two steel tubes. Silicon hosing and 0.2 µm nylon filters were used to keep sterile the 
incoming carbon dioxide, which was purged continuously into the serum bottles to enhance 
succinic acid production (Figure 5-2a). The final large-scale fermentation was conducted in a 
New Brunswick 3.5-L BioFlo fermentor fully equipped with a monitoring and control system 
that included a thermometer, pH meter, heating pad, mixer, and three pumps (Figure 5-2b). 
(a) (b) 
Figure 5-2. (a) Serum bottles used as small-scale fermenters. (b) Large-scale 3.5-L BioFlo 
fermentor setup 
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5.2 Analytical Methods 
5.2.1 Sweet Sorghum Bagasse Composition and Chemical Pretreatment Analysis 
During biomass composition analysis, the glucose and xylose content before and after 
chemical pretreatment were collected and subjected to appropriate dilutions (10x to 20x). All 
samples were analyzed using a YSI 2700 SELECT biochemistry analyzer. Glucose and xylose 
standard curves are shown in Appendix A. 
5.2.2 Sugar Degradation Products Analysis 
Analysis for determination of furfural and hydroxymethylfurfural (HMF), resulting from 
possible thermal degradation of xylose and glucose, respectively, during chemical pretreatment, 
was conducted after washing the pretreated biomass first DI (deionized) water. All samples were 
run using Thermo Scientific UltiMate 3000 High-Performance Liquid Chromatography (HPLC) 
with a BIO-RAD organic acid analysis kit, including a pre-column and a column. Furfural and 
HMF standard curves are shown in Appendix B.1. 
5.2.3 Enzyme Activity and Enzymatic Hydrolysis Analysis  
Cellic® Ctec2 enzyme activity was determined using a National Renewable Energy 
Laboratory (NREL) protocol [28]. Glucose released from filter paper after enzymatic hydrolysis 
was collected and analyzed using a Sigma glucose assay kit with an Infinite M200 PRO 
microplate reader.   
After enzymatic hydrolysis, the liquid phase was separated from the solids by 
centrifugation, and the sugar (glucose and xylose) content in the liquid was measured using the 
YSI 2700 Select Biochemistry Analyzer.  
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5.2.4 Sugar and Metabolite Measurement during Fermentation 
The main sugars resulting from enzymatic hydrolysis of bagasse and used in the 
subsequent fermentation are glucose and xylose and potentially cellobiose (dimer of glucose) as 
well. Products from the fermentation are mainly succinic acid, acetic acid, and formic acid. 
Samples were collected and analyzed before, during, and after fermentation. All organic 
chemicals were analyzed using Thermo Fisher UltiMate 3000 High-Performance Liquid 
Chromatography (HPLC) with BIO-RAD organic acid analysis kit. The standard curves of the 
chemicals are shown in Appendix B.2. 
5.3 Biomass, Enzyme, and Microorganism 
Fresh sweet sorghum bagasse was provided by the Southern Region Research Center of the US 
Department of Agriculture in Louisiana. Novozymes Corporation provided Cellic® Ctec2 
enzyme. The microorganism for fermentation, Actinobacillus succinogenes 130Z, was purchased 
from the American Type Culture Collection (ATCC). 
5.3.1 Determination of Structural Carbohydrates in Bagasse 
Fresh sweet sorghum bagasse was first subjected to mechanical preparation for size 
reduction and homogenization. Afterward, the bagasse composition was determined following 
the "Determination of structural carbohydrate and lignin in biomass" laboratory analytical 
procedure of NREL [37]. The glucan and xylan content were determined to be 34.8% ± 0.8 and 
23.6% ± 1.2, respectively.  
5.3.2 Cellic® Ctec2 Cellulase Activity Assay 
Cellic® Ctec2 enzyme activity was measured using NREL’s analytical procedure, as 
mentioned earlier. Several 1cm×6cm Whatman No.1 filter paper strips were prepared and placed 
in 2-mL Eppendorf tubes serving as small reactors. Acetic buffer (pH 5) was prepared with 70 
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mL of 50mM sodium acetate solution and 30 mL of 50mM acetic acid. Various dilutions of the 
Ctec2 enzyme batch were prepared. Enzymatic hydrolysis on filter paper strips started when all 
the tubes were placed in a 50°C water bath for 60 minutes. The filter paper units (FPU) were 
calculated using the equation listed in Chapter 3. The highest activity was observed when the 
enzyme was diluted 300 times and, as seen in figure 5, it was equal to 117 filter paper units 
(FPU). 
  
Figure 5-3. Cellic® CTec2 Enzyme FPU at various enzyme dilutions 
5.3.3 Actinobacillus succinogenes Cultivation 
A. succinogenes 130Z was selected for fermentation and was obtained from ATCC. The 
bacteria were first cultivated anaerobically in 25-mL flasks with 10 mL of autoclaved growth 
media purchased from Thermo Fisher Scientific (BD cat 211825) until fully grown (optical 
density OD600 ≥ 1.0), as indicated by the milky yellow color of the culture. Then, a 2mL sample 
was collected from the flask and analyzed at OD600 in a Thermo Fisher spectrophotometer. For 
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long- term storage of the bacteria, 0.3 mL of the culture were mixed with 0.7 mL of autoclaved 
glycerin and placed in 2-mL Eppendorf tubes that were stored in a -80°C freezer.  
5.4 Experimental Procedure 
5.4.1 Phosphoric Acid Pretreatment of SSB 
One gram of milled sweet sorghum bagasse (SSB) was mixed with various amounts of 
concentrated phosphoric acid (83%) in glass centrifuge tubes to achieve 10%, 12.5%, 15% solids 
loadings. The glass tubes were then incubated in a water bath at temperatures of 50°C, 65°C, and 
80°C for 30, 45, and 60 min residence times.  
5.4.2 Neutralization and Drying of Pretreated SSB 
After acid pretreatment, the SSB solids were washed by DI (deionized) water and the pH 
was neutralized with 1% (w/w) NaOH solution. The pretreated sweet sorghum bagasse (PSSB) 
solids were separated from the liquid via vacuum filtration and dried at 50°C over 1 day. 
Decomposition of SSB was calculated using the weight of sweet sorghum bagasse before and 
after the chemical pretreatment. 
5.4.3 Enzymatic Hydrolysis of Pretreated SSB Using Cellic® CTec2 
For enzymatic hydrolysis, 500 mL acetic acid buffer (pH 5.0) was prepared with 350 mL 
of 50mM sodium acetate solution and 150 mL of 50mM acetic acid. The buffer was then filtered 
and mixed with pretreated SSB and Cellic® Ctec2 to obtain 40 Filter Paper Units per g of PSSB 
in flasks [29]. The enzymatic hydrolysis was performed in a water bath set at 50oC over 72 h.  
5.4.4 A. succinogenes Fermentation of Pure Sugar 
One tube of culture stock was taken out of the freezer and defrosted to room temperature. 
Then, 9mL and 90mL of growing medium were autoclaved for 15 minutes at 121 °C in 25mL 
and 125mL flask, respectively. One mL of culture stock was first added to 9mL of media and 
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incubated at 37°C and 200 rpm. It was then transferred to the 90mL media flask and was put 
back in the shaker until fully grown (OD600 ≥ 1.0) and ready for inoculation of the fermentation 
(Figure 5-4). To create and maintain an anaerobic environment, a rubber stopper was placed in 
all the flasks. 
 
Figure 5-4. Actinobacillus succinogenes 130Z inoculum was prepared in liquid growing media 
We conducted pure glucose fermentation in advance of pretreated biomass fermentation 
to verify that the bacterium can indeed metabolically produce succinic acid on a model sugar 
substrate, like pure glucose. The fermentation was carried out in a 3.5-L BioFlo fermentor. A 
solution of 2.5M NaCO3 was prepared and autoclaved at 121°C for 20 minutes to serve as a 
means for controlling the pH during fermentation. The pH probe of the fermentor was calibrated 
with pH standard solutions and a pH meter. The 3.5-L fermentor was equipped with a 0.45 μm 
CO2 gas filter and tubing and autoclaved at 121°C for 25 minutes to eliminate all contaminates. 
One liter of fermentation media was prepared with 1 g of NaCl, 0.1025 g of MgSO47H2O, 6.4 g 
of K2HPO4, 17.71 g of NaH2PO4H2O, 10 g of NaHCO3, 10 g of granulated yeast extract [6, 33, 
34]. 
A solution of 25g/L pure glucose was filtered with a Fisherbrand 0.2µm sterile nylon 
filter and added into the autoclaved fermentor. The fermentation was initiated by mixing the 
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fermentation media and the fully grown A. succinogenes inoculum (OD600 ≥ 1.0) in the fermentor. 
The volume content of carbon source (glucose), inoculum, and fermentation media was 50%, 
10% and 40% respectively. The 3.5-L BioFlo fermentor system was equipped with temperature 
and pH monitoring and control systems. The fermentation temperature was maintained at 37°C 
with a heating pad and the pH at 6.8 to 7.2 was kept with a 2.5M Na2CO3 solution. 
5.4.5 Separate Hydrolysis and Fermentation (SHF) of Pretreated SSB 
SHF of pretreated SSB was carried out first by subjecting the pretreated biomass solids to 
enzymatic hydrolysis and then transferring both the liquid and solid phases (now rich in glucose) 
from the enzymatic hydrolysis flask to the fermentor, where glucose served as a carbon source 
for succinic acid production by A. succinogenes. 
The fermentation was started by combining fully-grown A. succinogenes inoculum 
(OD600 ≥ 1.0) with the material from the enzymatic hydrolysis and the fermentation media. As in 
the pure glucose fermentation, here too the volume content of carbon source, inoculum, and 
fermentation media was 50%, 10%, and 40% respectively. The pH and temperature of the 
fermentor were continuously monitored and controlled at 5.0 and 37°C, respectively. 
5.5 Results and Discussion 
5.5.1 Effect of SSB Pretreatment Conditions on Biomass Decomposition 
Concentrated phosphoric acid (83%) pretreatment was studied using three variables, 
temperature, solids loading, and residence time, using a partial factorial experimental design. 
Each variable was tested at three levels: low, medium, and high. Based on the existing literature 
(Table 2-2), high concentration acid pretreatments are able of dissolving hemicellulose at 
relatively mild temperatures as low as 50-60°C. Hence, in our experimental study we elected to 
study pretreatment at 50°C, 65°C and 80°C. Most of the pretreatment literature used a solids 
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loading of 12.5%. Hence, we studied 12.5% as center point with 10% and 15% as low level and 
high level. For residence time, Table 2-2 shows that concentrated acid pretreatment can be done 
in 60 minutes. Therefore, we chose 45 minutes as the center point of residence time with 30 and 
60 minutes as low and high levels. The collected data from the concentrated phosphoric acid 
pretreatment tests were then empirically modeled using the regression program Minitab 17 to 
generate response surfaces and identify the optimal pretreatment conditions for SSB. 
Total biomass decomposition percentages were calculated using the biomass weight 
before and after the phosphoric acid pretreatment. As summarized in Table 5-1, biomass 
pretreated at lower temperatures exhibited lower mass decomposition (20 to 30%) and as the 
temperature increased, the decomposition rose to 72%. Glucose and xylose release from biomass 
was tested by measuring the concentration of these two sugars in the first wash of pretreated 
biomass using a YSI Select 2700 Biochemical Analyzer. No significant amounts of sugars were 
detected at low temperature pretreatments. Around 10 to 15% sugars were released during 
pretreatment, but the mass decomposition was higher around 65 to 72%, which implies that at 
high temperature biomass decomposed into products other than xylose and glucose (hence not 
fermentable sugars) that could not be detected by the YSI analyzer. To investigate whether 
sugars turned into compounds potentially toxic to the bacterium of the subsequent fermentation, 
we tested the presence of furfural and hydroxymethyl furfural (HMF), which are the thermal 
degradation products of glucose and xylose, respectively, using HPLC. At pretreatment 
conditions of 80°C, 60 minutes, and 10% and 15% solids loadings, we detected 2 and 1 g of 
HMF per 100g SSB, respectively. These conditions confirmed that at the high end of the 
temperature range decomposition of biomass indeed takes place. 
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Table 5-1. Total mass decomposed (as % of original biomass) after chemical pretreatment and 
sugars (glucose and xylose) release during pretreatment. (ND, not detected) 
 
Pretreatment 
Conditions 
50°C 
30 min  
10% SL 
50°C 
30 min  
15% SL 
50°C 
45 min  
12.5% SL 
50°C 
60 min  
10% SL 
50°C 
60 min  
15% SL 
Total mass decomposed 
(%) 
during pretreatment 
20.0 23.2 28.0 30.8 30.8 
Glucose release during 
pretreatment 
(g per 100g SSB) 
ND ND ND ND ND 
Xylose release during 
pretreatment 
(g per 100g SSB) 
ND ND ND ND ND 
Pretreatment 
Conditions 
65°C 
30 min 
12.5% SL 
65°C 
45 min 
10% SL 
65°C 
45 min  
12.5% SL 
65°C 
45 min 
15% SL 
65°C 
60 min 
12.5% SL 
Total mass decomposed 
(%) 
during pretreatment 
38.4 52.1 51.5 46.7 61.9 
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Table 5-1 (Continued) 
Glucose release during 
pretreatment 
(g per 100g SSB) 
ND ND 4.7 ND ND 
Xylose release during 
pretreatment 
(g per 100g SSB) 
ND ND 0.7 ND ND 
Pretreatment 
Conditions 
80°C 
30 min  
10% SL 
80°C 
30 min  
15% SL 
80°C 
45 min 
12.5% SL 
80°C 
60 min 
10% SL 
80°C 
60 min 
15% SL 
Total mass decomposed 
(%) 
during pretreatment 
65.7 66.4 62.9 72.0 69.8 
Glucose release during 
pretreatment 
(g per 100g SSB) 
12.4 5.5 ND 5.7 3.7 
Xylose release during 
pretreatment 
(g per 100g SSB) 
7.7 10.0 ND 15.9 7.8 
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Figure 5-5. Color change from light to dark is indicative of the increasing extent of biomass 
decomposition at harsher pretreatment conditions 
 
Figure 5-5 shows that at higher temperatures and longer residence times, as the SSB 
increasingly decomposed, its color became darker.  In contrast to pretreatment temperature and 
residence time, the solids loading was not a significant variable in terms of biomass 
decomposition. 
5.5.2 Combined Effect of Pretreatment and Enzymatic Hydrolysis 
From each pretreated sweet sorghum bagasse (PSSB) batch in dry form, 0.1g of mass was 
placed in a 2-mL Eppendorf tube for enzymatic hydrolysis. Following common practices 
reported in the literature and the enzyme manufacturer’s (Novozymes) recommendations, we 
performed this small-scale hydrolysis at 10% solids loading, 50°C, 72 hour of residence time, 
and 40 FPU/g PSSB [27, 29]. Hence, the hydrolysis conditions were consistent for all pretreated 
sweet sorghum bagasse samples. Glucose release (g/100g SSB) and glucose yield (%) after 
pretreatment and enzymatic hydrolysis were calculated, as shown in Table 5-2, and were 
associated with the corresponding SSB decomposition and SSB sugar content determined in 
section 5.3.1.  
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Table 5-2. Glucose release (g/100g SSB) and glucose yield (%) after pretreatment and enzymatic 
hydrolysis at the tested chemical pretreatment conditions 
 
Temperature 
(°C) 
Resident time 
(minute) 
Solids loading 
(%) 
Glucose 
release  
(g/100 g SSB) 
Glucose 
yield 
(%) 
50 30 15 30.6 79.94 
50 45 12.5 32.3 84.37 
50 60 10 30.67 80.13 
50 60 15 34.82 90.96 
65 30 12.5 27.25 71.18 
65 45 10 19.23 50.25 
65 45 12.5 25.72 67.2 
65 45 15 21.74 56.78 
65 60 12.5 11.86 30.97 
80 30 10 10.26 26.8 
80 30 15 12.37 32.33 
80 45 12.5 16.27 42.49 
80 60 10 10.62 33.58 
80 60 15 13.16 34.39 
65 45 12.5 25.72 67.2 
 
  
29 
Figure 5-6 is another way of displaying glucose release (g/100g SSB) and yield (%) at the 
tested conditions of phosphoric acid pretreatment and enzymatic hydrolysis. Clearly, at lower 
pretreatment temperatures, where decomposition is low, the biomass was more effectively 
pretreated as indicated by the higher overall glucose yield observed after enzymatic hydrolysis. 
 
Figure 5-6. Glucose release (g/100g SSB, colored bars) and glucose yield (%, black line) after 
pretreatment and enzymatic hydrolysis at different chemical pretreatment conditions but identical 
hydrolysis conditions 
 
5.5.3 Development of Regression Equations and Statistical Optimization 
Using the Minitab 17 regression and optimization algorithm, the obtained glucose release 
data were fitted to the following empirical model:  
 
where EGR is the expected glucose release; T is the temperature (°C); t is the residence time 
(min); and S is the solids loading (%). The response surfaces are shown in Figure 5-7. Based on 
this model, the optimal pretreatment conditions were determined to be temperature at 50°C, 
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residence time at 43 minutes, and solids loading at 13% with highest expected glucose release of 
35g per 100g SSB. The empirical model had a coefficient of determination (R2) equal to 86.9%. 
 
Figure 5-7. 3-D response surface plots created by the regression equation (MATLAB R2015b) 
As seen in the graph, clearly the pretreatment temperature was the most significant 
variable for glucose release. 
5.5.4 Enzymatic Hydrolysis under Optimal Conditions of Chemical Pretreatment  
After the optimal conditions for chemical pretreatment were determined, enzymatic 
hydrolysis was performed on SSB pretreated under those conditions. The hydrolysis was 
monitored over 96 hours (sampled every 24 hours) as shown in Figure 5-8. The total glucose 
released was 32.75 g/100 g SSB, which is well within the prediction of the empirical model’s 
standard deviation (35 ± 3.0g/100gSSB). Glucose release leveled off after 48 hours. 
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Figure 5-8. Glucose released during enzymatic hydrolysis conducted at the optimal conditions of 
chemical pretreatment at 50°C, 43 minutes, and 13% solids loading 
 
5.5.5 Pure Glucose Fermentation for Succinic Acid Production 
A pure glucose solution of 25 g/L was poured into the fermentor and mixed with fully 
grown A. succinogenes inoculum (OD600≥1.0) and fermentation media (salt, phosphate and 
nitrate sources). The fermentation ran for 20 hours to verify succinic acid production from the 
glucose metabolic path of A. Succinogenes (Figure 4-1) with CO2 supply. As the microorganism 
consumed glucose, cell concentration increased turning the color of the fermentation liquid from 
transparent to milky yellow (Figure 5-9). The progress of the fermentation is shown in Figure 5-
10. Initially, glucose (carbon source) was added at 25 g/L. After four hours of culture adaption 
(lag phase), consumption of glucose began leading to succinic acid formation. The theoretical 
succinic acid yield in A. succinogenes is 0.6 g per gram of glucose consumed. The final succinic 
acid concentration was 14.1 g/L. This value means that based on 25 g/L of glucose consumed, 
the actual succinic acid yield was 0.56 g/g or 94% of theoretical yield. As seen in Figure 5-10, 
acetic acid was also produced during fermentation, as predicted by the organism's metabolic 
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pathway (Figure 4-1), but in very limited amounts. The vast majority of glucose (carbon source) 
was directed towards the formation of the desirable product, succinic acid. 
 
Figure 5-9. Color change of fermentation liquid when using pure sugar 
 
Figure 5-10. Organic acid production during fermentation of pure glucose by A. succinogenes 
5.5.6 SHF for Succinic Acid Production 
Separate Hydrolysis and Fermentation (SHF) of pretreated SSB consisted of enzymatic 
hydrolysis of pretreated sweet sorghum bagasse, followed by fermentation of the entire 
hydrolysis content (hydrolysate) by A. succinogenes.  A flask of hydrolysate with a concentration 
of 30 g/L of glucose and 3g/L of residual xylose (apparently not removed by the water wash of 
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the pretreated SSB) was added into the 3.5-L fermentor. The BioFlo fermentor system was 
continually monitored and controlled temperature by a heat jacket (Figure 5-12) and the pH was 
controlled with a 2.5M Na2CO3 solution (Figure 5-11). During the first four hours of the 
fermentation, the pH stayed close to 7.0 and glucose was not consumed by A. succinogenes 
because the microorganism went through an adaption (lag) period. Once the bacteria started 
growing, the pH of the culture started dropping due to the production of organic acids in the 
fermentor, primarily succinic acid (Fig. 5-13). In the case of hydrolysate fermentation, formic 
and acetic acid were also detected in the fermentation products at 6.4 g/L and 4.0 g/L, 
respectively. Still, succinic acid remained by far the main metabolic product. Its concentration 
reached 17.8 g/L after 28 hours fermentation, which corresponds to an impressive 90% of 
theoretical yield. 
It should be noted that since the hydrolysate contains an enzyme, the enzymatic 
hydrolysis of cellulose may have continued during the fermentation process. However, because 
the fermentation settings of 37°C and pH 6.8-7.2 are far from the optimal conditions reported for 
cellulase by the manufacturer (50°C and pH 5.0), it is unlikely that significant additional 
amounts of glucose were released in the fermentor. Even if extra glucose were released, it would 
have been consumed by A. succinogenes and therefore it would be hard to detect. Although the 
literature reports that A. succinogenes 130Z can digest both xylose and glucose [33], in our 
fermentation the low level xylose carried over from the enzymatic hydrolysis did not seem to be 
consumed by the bacteria.  
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Figure 5-11. BioFlo 3.5-L fermentor pH monitoring system for 20 hours 
 
Figure 5-12. BioFlo 3.5-L fermentor temperature monitoring system for 20 hours 
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Figure 5-13. Organic acid production by A. succinogenes during fermentation of pretreated and 
enzymatically hydrolyzed sweet sorghum bagasse. (some error bars are not seen because they are 
smaller than the size of the symbols used)  
 
Data in Fig. 5-13 demonstrates that sweet sorghum bagasse pretreated with concentrated 
phosphoric acid under mild conditions can be very efficiently converted to succinic acid via 
enzymatic hydrolysis by a commercial cellulase enzyme preparation and fermentation by A. 
succinogenes. Hence, production of bio-based succinic acid from sweet sorghum, a crop that can 
be cultivated in a broader range of locations and climates than sugarcane or corn, is quite 
promising. Moreover, the successful use of mild pretreatment conditions in the conducted study 
indicates that the application of green chemistry principles (low energy, water, and waste) can 
improve the sustainability profile of bio-based succinic acid, especially compared to succinic 
acid produced from oil. 
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS 
 
6.1 Conclusions 
Renewable sugars were released from sweet sorghum bagasse after mild pretreatment 
(using green chemistry principles) and enzymatic hydrolysis. Empirical modeling helped identify 
the pretreatment conditions that can lead to optimal glucose release during subsequent enzymatic 
hydrolysis. Temperature was the most important factor for pretreatment efficiency. Separate 
hydrolysis and fermentation yielded promising results. Based on overall performance, 
pretreatment at 50oC for 43 min with 13% solids loading (optimal conditions) followed by 
enzymatic hydrolysis and fermentation by A. succinogenes yielded almost 18 g/L succinic acid, 
which corresponded to 90% of theoretical yield. 
Low temperature conditions in concentrated acid pretreatment favored high glucose 
release during enzymatic hydrolysis. Hence, significant amounts of renewable sugars can be 
released from sweet sorghum bagasse after proper processing (pretreatment and enzymatic 
hydrolysis). An empirical model was developed for the pretreatment conditions to optimize 
glucose release during the subsequent enzymatic hydrolysis. Carbon dioxide purging pushed the 
microbial metabolism towards the formation of the 4-carbon succinic acid rather than the 3-
carbon lactic acid, the 2-carbon acetic acid and ethanol or the 1-carbon formic acid.  This means 
that from a sustainability standpoint, such production of bio-based succinic acid can act as a sink 
of CO2 from industrial and other sources and thus can contribute to reduction of greenhouse 
gases and the resulting climate change. 
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6.2 Recommendations and Future Work 
Pretreatment efficiency may be further improved using a larger glass reactor (instead of 
small 10 mL glass tubes). Moreover, if strong agitation can be used during pretreatment, it may 
enhance mass transfer of phosphoric acid towards biomass that will promote faster and/or more 
efficient pretreatment.  
Since sweet sorghum bagasse is rich in hemicellulose (in addition to cellulose), the 
released xylose (5-carbon sugar from hemicellulose) during pretreatment can be readily collected, 
after the first wash of PSSB, and then used in the fermentation process for additional succinic 
acid production. Finally, when the fermentation is scaled up, it may be susceptible to 
contamination as a result of the mild nature of the pretreatment conditions or the subsequent 
biomass neutralization. In order to reduce the risk of microbial contamination, it is recommended 
that pretreated biomass drying be conducted at higher temperatures (60-80 °C) to reduce the 
moisture content of PSSB faster and prevent the establishment of contaminants in pretreated 
biomass. 
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APPENDIX A: YSI 2700 SELECT GLUCOSE AND XYLOSE CALIBRATION CURVE 
 
Figure A-1. YSI 2700 select glucose and xylose calibration curve 
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APPENDIX B: HPLC CHEMICAL STANDARD CURVE 
 
B.1 Furfural and HMF HPLC Standard Curve 
 
Figure B-1. Furfural standard curve 
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Figure B-2. Hydroxymethylfurfural standard curve 
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B.2 Organic Products from Fermentation HPLC Standard Curve 
 
Figure B-3. Succinic acid standard curve 
 
Figure B-4. Acetic acid standard curve 
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Figure B-5. Formic acid standard curve 
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